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The  main  objective  of  this  contract  was  to  study  macroscopic  and  microscopic 
methods  for  the  nondestructive  characterization  of  interfacial  bonding  properties  in 
two-phase  metal-matrix  composites  such  as  alumna-reinforced  aluminum  alloys.  The 
research  obtained  is  documented  in  five  theses  and  eight  papers  whose  abstracts  are 
included  in  th^  appendix.  The  major  accomplishments  are  summarized  in  studies 
performed  to  characterize  the  interfacial  bonding  by  measurements  of  acoustoelastic 
constants,  acoustic  nonlinearity  parameter,  temperature  dependence  of  ultrasonic 
velocity  and  the  coefficient  of  thermal  expansion.  Also  under  this  contract  a  facility  to 
fabricate  Aluminum-Silicon  Carbide  composites  was  developed  and  is  planned  to  be 
used  in  future  studies  related  to  this  ARO  program. 
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A.  Statement  of  the  Problem  Studied 

The  major  objective  of  this  contract  is  to  study  the  macroscopic  and 
the  microscopic  methods  for  the  nondestructive  characterization  of 
interfacial  bonding  properties  in  two-phase  metal-matrix  composites 
such  as  alumina-reinforced  aluminum  alloys.  Knowledge  of  these 
properties  are  important  to  the  understanding  of  bonding  mechanisms 
between  the  two  phases  for  the  transfer  of  loads  in  these  composites. 
This  knowledge  is  also  necessary  for  the  development  of  models  used  to 
describe  bonding  stresses  in  two-phase  metal-matrix  composites.  The 
macroscopic  methods  are  based  on  the  physical  nonlinear  elastic  behavior 
of  solids  and  utilize  measurements  of  the  linear  dependences  of  ultrasonic 
velocities  on  stress  and  temperature  as  well  as  the  acoustic  nonlinearity 
parameter.  The  microscopic  method  utilizes  the  capabilities  of  the  high- 
frequency  (in  the  GHz  range)  scanning  acoustic  microscopy  (SAM)  to 
characterize  experimentally  the  local  individual  interface  bonding  of  the 
alumina  particles  and  fibers  while  they  are  embedded  in  the  aluminum 
matrix.  Based  on  these  results,  a  model  is  to  be  developed  to  give  a 
theoretical  characterization  of  the  bonding  between  the  two  phases. 

B.  Summary  of  Important  Results 

The  research  accomplished  during  contract  No.  DAAL03-92-G-0039 
of  the  Army  Research  Office  program  is  documented  in  five  theses^  *5  and 
8  papers6-t3  Abstracts  of  these  theses  and  papers  are  attached  in  the 
appendix.  The  major  accomplishments  obtained  under  this  program  are 
summarized  in  studies  performed  to  characterize  the  interfacial  bonding 
in  two-phase  metal-matrix  composites  by  measurements  of 
acoustoelastic  constants,  acoustic  nonlinearity  parameter,  temperature 
dependence  of  ultrasonic  velocity  and  the  coefficient  of  thermal 
expansion.  Also  under  this  contract  a  facility  to  fabricate  A1/SiC 
composites  is  being  developed,  and  is  planned  to  be  used  in  future  studies 
related  to  this  program.  The  following  summarizes  the  studies  performed 
under  this  contract.  Details  of  these  studies  are  described  in  the  theses 
and  papers  documenting  this  work. 

A.  Acoustoelastic  Constants/Third-Order  Elastic  Constants 

In  these  studies  the  acoustoelastic  constants  were  determined  in 
two  sets  of  SiC  particle  reinforced  metal-matrix  composites  with  the  Al 
alloys  7064  and  8091  as  matrices2.8.i0.  Also  the  temperature  dependence 
of  these  constants  were  determined  from  measurements  at  the 
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temperatures  0,  25  and  SS^C.  The  values  of  the  acoustoelastic  constants 
were  then  used  to  compute  the  third-order  elastic  constants. 

From  these  studies,  it  was  found  that  the  relative  changes  in  the 
acoustoelastic  constants  are  considerably  larger  than  those  for  the 
absolute  values  of  velocity,  which  indicates  higher  sensitivity  of  the 
nonlinear  acoustic  quantities  to  the  amount  of  reinforcement  in  the 
composite.  For  instance,  the  acoustoelastic  constant  of  C21  changes  by 
30%  due  to  the  addition  of  15%  SiC  particulate  while  the  longitudinal 
velocity  changes  only  by  5%  with  the  same  addition.  Also  from  these 
studies  it  was  observed  that  the  strongest  influence  of  temperature  is  for 
the  third-order  elastic  constant  I,  and  the  behavior  of  this  constant  as  a 
function  of  reinforcement  at  0°  C  is  opposite  to  that  at  55°  C  with  the 
room  temperature  behavior  more  similar  to  that  at  55°  C.  In  the  alloy 
8091,  the  relative  change  in  I  over  the  temperature  increase  of  55°  C  is 
34%  and  for  the  alloy  7064  is  150%.  At  0°  C  the  constant  I  increases  with 
reinforcement  while  it  decreases  at  55^C.  This  behavior  is  markedly 
different  from  that  of  the  matrix  alloy,  and  is  attributed  to  the  presence 
of  the  second  phase  reinforcement  as  well  as  the  bonding  stresses  at  the 
interface  between  the  two  phases®.  Since  the  contribution  of  a  second 
phase  is  not  likely  to  be  large'll,  it  is  concluded  that  the  difference  in  the 
temperature  behavior  of  third-order  elastic  constants  is  mainly  due  to 
interfacial  bonding  developed  by  thermal  stresses  at  the  inlerface.  This 
lead  to  the  conclusion  that  measurements  of  the  temperature  dependence 
of  third-order  elastic  constants  can  be  used  for  the  characterization  of 
interfacial  bonding  in  metal-matrix  composites. 

On  the  theoretical  side,  a  method  of  computing  the  effective  elastic 
moduli  of  nonlinear  composites  with  imperfect  interface  is  developed  in 
detail  by  using  a  perturbation  scheme'*®.  The  imperfect  interface  effects 
are  analyzed  by  using  the  linear  imperfect  interface  modeM®.  Also  the 
particulate  composites  of  nonlinear  elastic  materials  are  analyzed  by 
using  representative  of  the  spherical  cell  (RC)  model  and  the  generalized 
self-consistent  scheme  (GCS)  model.  The  second-and  third-order 
effective  elastic  constants  of  SiC  spherical  particles  reinforced 
aluminum  matrix  composite  are  then  calculated.  The  numerical  results 
show  that  the  second-and  third-order  effective  elastic  moduli  calculated 
by  the  RC  model  and  the  GSCS  model  are  close  to  each  other  and  the 
second-order  effective  elastic  moduli  for  the  composite  with  perfect 
bonding  match  the  experimental  results.  The  results  also  show  that  the 
second-order  effective  elastic  moduli  are  monotonic  functions  of  volume 
fraction  regardless  of  whether  the  interface  is  perfect  or  not  and  the  rule 
of  mixture  is  a  reasonable  way  to  predict  the  composite's  second-order 
effective  elastic  moduli  for  perfect  bonding  case.  In  addition  it  was  found 
that  the  introduction  of  the  imperfect  interface  gives  a  softer  composite 
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whose  second-order  effective  elastic  moduli  are  smaller  that  those  with 
perfect  bonding.  From  a  physical  point  of  view,  this  is  quite 
understandable  and  is  what  one  would  expect,  and  lead  to  a  possibility  of 
the  evaluation  of  bonding  using  second-order  effective  elastic  moduli. 

B.  Acoustic  Nonlinearity  Parameter 

In  these  studies  the  acoustic  nonlinearity  parameter,  which  is  a 
measure  of  the  materials  deviation  from  ideal  Hookean  behavior,  was 
determined  in  Al-SiC  composites  containing  various  amounts  of 
reinforcement^-is.  The  measurements  were  performed  along  the  extrusion 
direction  of  the  composites  using  harmonic  generation.  The  results 
indicate  a  linear  decrease  in  the  acoustic  nonlinearity  parameter  as  a 
function  of  reinforcement,  which  is  contradictory  to  the  increase 
observed  in  aluminum  alloys  containing  various  amounts  of  precipitates'' 
This  contradiction  is  attributed  to  the  coherency  of  the  precipitates  in  the 
aluminum  alloys  while  the  SiC  particles  in  the  metal-matrix  composite 
have  no  coherency  with  the  matrix.  From  these  studies,  it  was  also 
observed  that  the  presence  of  reinforcement  particulate  increased  the 
temperature  dependence  of  the  nonlinearity  parameter  in  the  composite 
which  is  opposite  to  that  of  the  monolithic  alloys  where  the  acoustic 
nonlinearity  parameter  in  the  composite  decreases  with  increasing 
temperature^.  This  behavior  was  attributed  to  the  distortion  in  the 
matrix  generated  by  interfacial  stresses  which  is  reduced  as  the 
temperature  is  increased  and  thermal  stresses  at  the  particle  interface 
are  relaxed.  These  results  indicate  that  measurements  of  the  acoustic 
nonlinearity  parameters  at  different  temperatures  provide 
characterization  of  bonding  stresses  in  metal-matrix  composites. 

C.  Temperature  Dependence  of  Ultrasonic  Velocity 

In  earlier  studies,  the  temperature  dependence  of  ultrasonic  velocity 
has  been  shown  to  be  sensitive  to  residual  as  well  as  applied  stresses  in 
monolithic  alloys''^.  In  metal-matrix  composites,  interfacial  stresses 
change  with  temperature  resulting  in  an  overall  change  in  the  stress  state 
of  the  material.  In  a  study  using  Al-SiC  composite,  it  was  found  that  the 
presence  of  small  amounts  of  SiC  (10-15%)  lead  to  an  increase  in  the 
velocity  dependence  on  temperature  (10-30%),  which  is  followed  by  the 
expected  decrease,  as  more  SiC  reinforcement  is  added'' 1.  This  behavior 
is  attributed  to  the  presence  of  thermal  residual  stresses  which  have  been 
shown  to  be  tensile  in  the  matrixis,  and  the  increase  in  the  temperature 
relaxes  these  stresses  by  placing  the  matrix  under  compression.  Since 
compressive  stresses  decrease  ultrasonic  longitudinal  velocity  in 
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metalsis,  the  observed  increase  in  the  temperature  dependence  of 
ultrasonic  velocity  is  attributed  to  the  relief  of  the  tensile  stresses. 
However,  at  large  values  of  reinforcements  (in  excess  of  25),  the  change 
in  the  stress  state  of  the  composite  can  no  longer  be  detected  due  to  the 
large  amounts  of  second-phase  which  has  very  small  temperature 
dependence.  These  results  demonstrate  the  possibility  of  using  the 
measurement  of  the  temperature  dependence  of  ultrasonic  velocity  to 
evaluate  interfacial  stresses  in  metal-matrix  containing  dilute  amount  of 
reinforcement. 

D.  Coefficient  of  Thermal  expansion 

Thermal  expansion  is  basically  due  to  the  nonlinear  nature  of  the 
material  and  is  related  to  other  nonlinear  properties  of  the  solid,  namely, 
the  stress  and  the  temperature  dependencies  of  ultrasonic  velocities.  In 
order  to  explore  the  possibility  of  using  the  coefficient  of  thermal 
expansion  in  the  nondestructive  characterization  of  interfacial  bonding  in 
metal-matrix  composites,  we  studied  the  thermal  expansively  in  three 
aluminum  alloys  reinforced  with  SiC  particulates3-i2,.  ln  all  composites 
studied,  the  coefficient  of  thermal  expansion  is  found  to  decrease  linearly 
with  particle  content,  which  is  shown  to  be  closely  related  to  the 
increase  of  the  elastic  constants  with  reinforcement  of  the  composites. 
Unlike  elastic  constants,  hov/ever,  the  value  of  the  thermal  expansion 
coefficients  show  greater  propensity  to  lower  theoretical  bounds  because 
the  measurements  of  thermal  coefficients  examine  a  larger  volume  of  the 
sample  than  that  of  ultrasonics  where  the  wavelength  is  shorter.  The 
ultrasonic  measurements  determine  the  local  stress  state  in  the 
composite  while  the  coefficient  of  thermal  expansion  is  influenced  by  the 
stress  state  of  the  system.  Both  properties  (elastic  constants  and 
thermal  expansion),  however,  are  found  to  be  related  through  a  modeP^ 
linking  strain  to  the  elastic  and  thermal  stresses  in  the  composite.  The 
relationships  developed  in  these  studies  show  that  both  measurements  can 
be  used  for  the  nondestructive  characterization  of  metal-matrix 
composites. 
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Abstract 


Residual  thermal  stresses  exist  in  metal  matrix  composites  (MMCs)  at  room 
temperature  as  a  direct  result  of  cooling  the  MMC  from  its  fabrication  temperature. 
Ultrasonic  techniques  have  proven  to  be  useful  methods  in  determining  changes  in  the 
stress  state  of  engineering  materials.  In  this  investigation,  the  second-  and  third-order 
elastic  constants  were  ultrasonically  measured  in  two  aluminum-silicon  carbide  metal  matrix 
composites  and  in  monolithic  silicon  carbide.  Also,  the  temperature  dependence  of  these 
constants  was  determined  in  the  temperature  range  of  -30  to  60*C.  From  these  results,  it 
was  shown  that  the  temperature  dependence  deviates  from  the  law  of  mixtures  for 
aluminum  and  silicon  carbide.  This  deviation  was  interpreted  as  a  result  of  interfacial 
stresses  developed  during  solidification.  This  gives  promise  for  using  measurements  of  the 
temperature  dependence  of  ultrasonic  velocities  to  evaluate  thermal  stresses  in  metal  matrix 
composites. 
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Abstract 


A  method  of  computing  effective  elastic  moduli  of  nonlinear  compos¬ 
ites  with  imperfect  interface  is  developed  in  detail  by  using  a  perturbation 
scheme.  The  imperfect  interface  effects  are  analyzed  by  using  the  linear 
imperfect  interface  model.  It  is  demonstrated  that  the  third-order  effective 
elastic  moduli  can  be  calculated  by  using  only  the  linear  ealstic  solutions. 
The  particulate  composites  of  nonlinear  elastic  materials  are  analyzed  by 
using  representative  spherical  cell  model  and  the  generalized  self-consistent 
scheme  model.  The  second-  and  third-order  effective  elastic  constants  of 
SiC  spherical  particles  reinforced  aluminum  matrix  composite  are  calculated. 
The  numerical  results  show  that  the  third-order  effective  elastic  moduli  of 
the  SiC  composite  are  not  monotone  functions  of  volume  fraction,  and  that 
the  resulting  effective  homogeneous  material  may  be  nonlinear  even  for  the. 
composites  of  linear  constituents. 
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Abstract 


The  elastic  behavior  and  the  thermal  expansivity  of  metal  matrix  composites 
(MMCs)  have  been  investigated  using  ultrasonic  velocity  and  strain  gage  measurements, 
respectively.  The  composites  used  in  this  study  consist  of  three  aluminum  alloys  reinforced 
with  SiC  particles.  It  was  observed  that  the  elastic  constants  increase  and  the  coefficient  of 
thermal  expansion  decreases  with  particle  content.  The  thermal  expansivity  and  the  elastic 
constants  in  the  MMCs  are  found  to  have  related  behavior.  This  behavior  is  evaluated  in 
terms  of  current  models,  and  the  models  are  found  to  be  unsatisfying.  An  agreement, 
however,  is  obtained  between  measured  data  and  calculations  based  on  rule  of  mixture  of 
the  upper  and  lower  bounds  of  the  elastic  moduli  developed  by  Hashin  et  al.  The  behavior 
of  the  experimental  results  as  a  function  of  reinforcement  can  be  represented  by  an 
expression  obtained  from  a  second-order  expansion  of  the  property  measured.  A  fit 
parameter  in  this  expansion  is  proposed  to  be  a  measure  of  the  strain  energy  distribution  in 
the  composite. 
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Abstract 


Discontinuous  SiC-reinforced  aluminum  alloys  aje  used  in  applications  requiring  high 
performance  and  isotropic  mechanical  properties.  Most  of  the  composite  properties 
are  significantly  improved  by  reinforcement.  The  objective  of  this  study  was  to  deter¬ 
mine  the  possibility  of  using  ultrasonic  measurements  in  evaluating  fatigue  behavior 
in  metal-matrix  composites.  Two  composites,  A1  6092  17.5%  SiC  and  A1  2080  15% 
SiC,  were  used  in  this  study.  Fatigue  tests  in  tension-tension  were  performed  on  5, 
respectively  11  samples,  and  their  S-N  behavior  were  compared.  The  absolute  ultra¬ 
sonic  velocities  as  well  as  the  stress  and  temperature  dependences  of  the  ultrasonic 
longitudinal  and  shear  wave  velocities  were  also  measured  on  these  samples  at  dif¬ 
ferent  levels  of  fatigue  damage.  The  absolute  velocities  increase  by  up  to  6.5%  due 
to  fatigue  .  The  acoustoelastic  effect  for  all  three  wavemodes  decreases  significantly 
only  in  A1  2080  +  15%  SiC  .  Temperature  dependence  measurements  do  not  exhibit 
information  about  the  fatigue  state  in  the  material. 
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ABSTRACT 


Interfacial  residual  stresses  in  metal  matrix  composites  arise  from  the  differential  thermal 
contraction  of  the  matrix  and  the  reinforcement  during  processing.  They  also  result  from 
the  plastic  deformation  generated  while  the  composite  is  subjected  to  extrusion.  In  this 
study,  the  change  in  the  interfacial  residual  stresses  in  two  set  of  aluminum  matrix  AI2O3 
reinforced  composites  were  investigated  between  room  temperature  and  250  C,  using 
ultrasonic  velocity  and  thermal  strain  measurements.  The  engineering  OKxluli  and  thermal 
expansivity  of  the  composites  were  compared  to  the  values  predicted  by  Datta-Ledbetter 
model,  Hashin-Shtrikman  bounds  and  Levin  model;  which  showed  good  agreement.  From 
the  experimental  results,  it  is  seen  that  the  normalized  temperature  dependence  of  the 
engineering  moduli  and  the  coefficient  of  thermal  expansion  of  metal  matrix  composites  are 
a  function  of  the  matrix,  reinforcement  and  direction  of  measurement.  This  gives  promise 
for  using  ultrasonic  velocity  and  thermal  strain  measurements  for  characterizing  residual 
interfacial  stresses  in  metal  matrix  composites. 
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The  Temperature  Dependence  of  Elastic  Nonlinearity 
in  Metal-Matrix  Composites 

H.  Mohrbacher  and  K.  Salama 

Department  of  Mechanical  Engineering,  University  of  Houston,  Houston, 

TX  77204-4792,  USA 


Abstract.  Thermal  stresses  are  very  important  in  determining  the  strength  of  compos¬ 
ites.  In  metal-matrix  composites,  these  stresses  are  generated  at  the  matrix-reinforce¬ 
ment  interface  as  a  result  of  the  difference  in  thermal  expansion  coefficients  of  matrix 
and  reinforcement  during  solidification.  In  order  to  evaluate  these  stresses,  we  studied 
the  effect  of  temperature  on  the  second-  and  third-order  elastic  constants  in  two  metal- 
matrix  composites  consisting  of  the  aluminum  alloys  8091  and  7064  and  silicon  carbide 
particles  up  to  20%  volume  fraction.  The  elastic  constants  were  determined  at  the 
temperatures  0,  25  and  55°C  using  measurements  of  absolute  as  well  as  changes  of 
ultrasonic  velocities  as  a  function  of  applied  stress.  The  values  of  these  constants  are 
used  to  calculate  the  acoustic  nonlinearity  parameters.  In  both  composites,  the  acoustic 
nonlinearity  parameters  increase  with  the  amount  of  reinforcement,  which  is  opposite  to 
that  previously  observed  in  aluminum  alloys  containing  second-phase  precipitates. 
Also,  the  temperature  behavior  of  the  nonlinearity  parameters  in  the  composites  are 
opposite  to  those  in  the  aluminum  matrices.  These  differences  in  behavior  are  inter¬ 
preted  as  due  to  the  presence  of  thermal  stresses  at  the  matrix-reinforcement  interface, 
and  give  promise  to  the  possibility  of  using  these  parameters  in  the  nondestructive 
evaluation  of  these  stresses  in  metal-matrix  composites. 


Introduction 

Metal-matrix  composites  (MMC)  are  a  class  of  multi-phase  materials  consisting 
of  a  metallic  matrix  and  a  ceramic  or  metallic  material  as  a  reinforcement.  They 
combine  the  often  vastly  different  properties  of  matrix  and  reinforcement  mate¬ 
rials  in  a  synergistic  way.  The  reinforcement  is  usually  available  as  short  fibers, 
particles,  or  whiskers  with  volume  percentages  up  to  40%.  The  properties  of 
the  composites  are  influenced  by  those  of  the  matrix  and  the  reinforcement 
materials  as  well  as  by  the  properties  of  the  interfacial  bonding  between  the  two 
phases.  Due  to  the  different  thermal  expansion  coefficients  of  matrix  and  rein¬ 
forcement,  internal  stresses  are  developed  at  the  interface  between  the  metal- 
matrix  and  the  ceramic  phase  during  processing  of  the  material  or  during  ther¬ 
mal  cycling.  These  stresses  may  relax  by  plastic  deformation  when  they  reach 
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THE  TEMPERATURE  DEPENDENCE  OF  THIRD-ORDER  ELASTIC 
CONSTANTS  IN  METAL-MATRIX  COMPOSITES 


H,  Mohrbacher  and  K*  Salama 
Depanment  of  Mechanical  Engineering 
University  of  Houston 
Houston.  TX  77204-4792 


INTRODUCTION 

Elastic  nonlinearity  is  responsible  for  the  deviation  of  a  material's  stress-strain 
response  from  the  linear  relationship  represented  by  Hooke’s  law.  This  law  can  be 
written  in  its  most  general  form  as 

=  Cijki  ^  I  j 

where  o\j  and  are  the  stress  and  strain  tensors  respectively,  and  Cijki  is  the  tensor 
of  the  second  order  elastic  constants.  The  nonlinear  elastic  behavior  can  be 
determined  from  measurements  of  the  stress  dependence  of  ultrasonic  velocities  as 
well  as  the  distonion  of  ultrasonic  waves  by  the  generation  of  higher  harmonics. 
Consequently,  these  effects  can  be  used  to  nondestructively  characterize  a  material’s 
elastic  nonlinearity. 

Metal-matrix  composites  (MMC)  are  a  class  of  multi-phase  materials  consisting  of 
a  metallic  matrix  and  a  ceramic  or  a  metallic  material  as  a  reinforcement.  The 
reinforcement  is  usually  available  as  shon  fibers,  panicles  or  whiskers  with  volume 
percentages  up  to  40%.  The  properties  of  the  composites  are  influenced  by  those  of 
the  matrix  and  the  reinforcement  materials  as  well  as  by  the  quality  of  the  interfacial 
bonding  between  the  two  phases.  Due  to  the  different  thermal  expansion  coefficients 
of  matrix  and  reinforcement,  internal  stresses  lu-e  developed  at  the  interface  between 
the  metal-matrix  and  the  ceramic  phase  during  processing  of  the  composite  or  during 
thermal  cycling. 

Recently  we  reported  measurements  on  the  acoustic  nonlinearity  parameter  in  two 
metal-matrix  composites  of  aluminum  and  SiC  particles,  where  it  was  observed  that 
the  parameter  decreased  with  increasing  volume  fraction  of  reinforcement  [  1  ].  In  this 
paper,  we  present  results  on  the  effect  of  temperature  on  the  second-  and  third-order 
elastic  constants  at  the  three  temperatures  0.  25  and  55^C  in  an  aluminum  metal-matrix 
composite.  The  results  indicate  that  the  strongest  influence  of  temperature  is  on  the 
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INTRODUCTION 

The  numerous  potential  applications  of  metal  matrix  composites  (MMCs)  in  the  miliuiry 
and  aerospace  industries  have  resulted  in  the  widespread  study  of  their  mechanical  propenies 
to  determine  optimum  fabrication  techniques  for  improved  composite  strength.  Due  to  the 
difference  in  the  thermal  expansion  coefficients  of  the  matrix  material  and  its  reinforcement, 
thermally-induced  residual  stresses  exist  in  the  composite  as  a  direct  result  of  cooling  from 
the  MMC  fabrication  temperature.  Several  nondestructive  techniques  have  been  used  to 
determine  the  residual  stress  present  in  various  engineering  materials.  Radiographic 
techniques  have  been  used  extensively,  but  are  somewhat  limited  in  penetration  depth  and 
spatial  resolution.  However,  ultrasonic  techniques  have  proven  to  be  a  useful  nondestructive 
means  of  determining  bulk  mechanical  properties  of  a  material.  To  determine  the  influence  of 
internal  stresses  in  MMCs  on  ultrasonic  velocities,  specimens  of  various  second-pha.se 
silicon  carbide  content  were  subjected  to  a  change  in  temperature.  As  the  specimen 
temperature  was  raised,  interfacial  stresses  between  the  aluminum  matrix  and  silicon  carbide 
reinforcement  were  relaxed,  resulting  in  an  overall  change  in  the  stress  state  of  the  material. 
Longitudinal  ultrasonic  waves  were  used  to  measure  the  acoustoelastic  effect  due  to  this 
change  in  the  internal  stress  of  the  MMC.  Longitudinal  waves  have  been  successfully  used 
to  detemine  internal  stresses  due  to  the  influence  of  temperature  on  railroad  rails  [1]  and 
prescrained  aluminum  and  copper  specimens  [2].  The  ultrasonic  velocities  in  this 
investigation  were  measured  m\h  a  computer  automated  time-of-flight  acquisition  .system 
accurate  to  better  than  1  part  in  10,000. 


EXPERIMENTAL 

Two  aluminum  alloys.  Al-7064  and  Al-8091  have  been  studied  in  this  investigation.  For 
each  alloy  three  specimens  with  various  silicon  carbide  (SiC)  content  were  tested 
ultrasonically.  The  three  Al-7064  alloy  specimens  contain  0, 15.  and  20%  SiC,  the  Al-8091 
specimens  contain  0,  10,  and  15%  SiC.  Furthemiore,  a  pure  silicon  carbide  specimen  was 
tested  to  study  wave  propagation  behavior  in  monolithic  silicon  carbide.  The  aluminum 
specimens  were  fabricated  as  1  inch  diameter  extruded  rods,  then  machined  flat  for  ultrasonic 
testing  to  dimensions  0.6  x  0.6  x  0.9  inch,  the  long  dimension  corresponding  to  the 
extrusion  direction.  Tlie  matrix  composition  of  each  alloy  is  pre.sented  in  Table  1. 
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Abstract 

A  METHOD  of  computing  elTective  elastic  moduli  of  isotropic  nonlinear  composites  is  developed  by  using  a 
perturbation  scheme.  It  is  demonstrated  that  only  solutions  from  linear  elasticity  are  needed  in  computing 
higher  order  moduli.  As  an  application  of  the  method,  particulate  composites  of  nonlinear  elastic  materials 
are  analysed. 


1 .  Introduction 

The  problem  of  predicting  the  macroscopic  behavior  of  composite  materials  is  of 
practical  and  theoretical  importance.  Considerable  research  efforts  have  been  directed 
to  this  area  with  much  progress  made  in  the  last  four  decades.  A  comprehensive 
account  of  basic  analytic  methods  developed  before  1979  can  be  found  in  the  mono¬ 
graph  of  Christensen  (1979).  Some  later  progress  has  been  reported  in  a  recent 
monograph  of  Aboudi  (1991). 

Most  works  reported  in  the  literature  have  been  devoted  to  composites  of  linear 
materials,  given  the  enormous  mathematical  difficulties  involved  in  nonlinear  analysis. 
Among  few  research  efforts  dealing  with  nonlinear  composites,  Duva  and  Hut¬ 
chinson  (1984)  studied  the  effective  properties  of  a  power-law  viscous  material  with 
voids,  and  Duva  (1984)  examined  the  properties  of  the  viscous  material  reinforced 
by  rigid  inclusions.  Hashin  (1985)  studied  the  nonlinear  properties  of  composite 
materials  with  spherical  inclusions  and  porous  media  with  spherical  voids,  subject  to 
spherical  dilatations  or  compressions.  As  pointed  out  by  him,  a  similar  analysis  for 
other  types  of  deformations  is  prohibitively  difficult.  In  a  sequence  of  papers  by  Willis 
(1983,  1989, 1991),  Talbot  and  Willis  (1985),  Ponte  Castaneda  and  Willis  (1988), 
and  Ponte  Castaneda  (1989, 1991),  a  variational  approach  has  been  employed  to  find 
bounds  and  estimates  for  the  effective  properties  of  a  class  of  nonlinear  composites.  To 
the  knowledge  of  the  authors,  no  work  has  been  done  toward  the  explicit  calculation 
of  the  complete  set  of  effective  mechanical  properties  of  general  nonlinear  composites. 

The  difficulty  involved  is  a  real  one:  the  exact  solutions  to  the  equations  of  equi¬ 
librium  for  nonlinear  composites  are  scarce,  if  any  at  all.  A  complete  analysis  of  the 
effective  constitutive  functions  for  nonlinear  composites  would  require  a  full  range  of 
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EFFECTS  OF  SF.(X)ND»PIIASE  ON  THE  NONLINEAR  BEHAVIOR 
OF  METAL  MATRIX  COMPOSITES 


P.  A.  Foltyn.  K.  Ravi-Chundar.  nnd  K.  Salama 

Department  of  Mechanical  Engineering 
Univeisity  of  Houxton 
Houston,  Texas  77204-4792 


INTRODUCTION 

The  mechanical  properties  of  metal  matrix  composites  (MMCs)  have  made  them  ideal 
materials  for  use  in  applications  where  increased  material  performance  is  requir^.  llieir 
potential  use  in  the  military  and  aerospace  industries  has  resulted  in  a  widespread 
investigation  into  their  mechanical  properties  to  determine  optimum  fabrication  techniques  for 
enhanced  composite  strength.  Of  the  many  destructive  and  nondestructive  techniques 
available  for  the  measurement  of  composite  properties,  ultra-sonic  nondestructive  evaluotion 
(NDE)  has  emerged  as  a  useful  tool  to  tire  rcscaiclier  for  the  study  of  the  mechanical  behavior 
of  MMCs.  Therefore,  an  ultrasonic  determination  of  the  composite  properties  can  provide 
insight  as  to  how  the  material  can  be  enhanced  by  changes  cither  in  composition  or 
fabrication  techniques.  To  this  end,  the  second*  and  third-order  elastic  constants  were 
measured  in  silicon  cnrbidc-(SiC)  reinforced  aluminum  alloys  and  in  monolithic  silicon 
carbide  as  a  function  of  temperature  and  second-phase.  The  results  give  not  only  the  widely 
used  engineering  data  such  as  the  Young’s  and  shear  moduli,  but  also  an  indication  as  to  the 
degree  of  nonlincaiity  present  in  thc.se  materials,  and  how  die  second-  and  third-order 
properties  change  with  the  introduction  of  a  second-phase. 


experimental 

Specimens 

In  this  investigation,  the  second-order  linear  elastic  constants  were  determined  for  two 
xilicon  carbide-rcinforced  aluminum  alloys,  iiuinely,  Al-7064  and  Al-8091.  Also,  the  third- 
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ELASTIC  CONSTANTS  AND  THERMAL  EXPANSION  OF 
ALUMINUM  -  SiC  METAL  MATRIX  COMPOSITES 

M.  Orrehede,  R.  Tolani,  K.  Salama 

Mechanical  Engineering  Department 
University  of  Houston 
Houston,  TX  77204-4792. 

ABSTRACT 

The  elastic  behavior  and  the  thermal  expansivity  of  metal-matrix  composites  have  been  investigated 
using  ultrasonic  velocity  and  strain  gage  measurements.  The  composites  used  in  this  study 
consisted  of  three  aluminum  alloys  reinforced  with  different  concentrations  of  SiC  particles.  The 
results  show  that  the  elastic  constants  increase  and  the  coefficient  of  thermal  expansion  decrease 
with  particle  content.  The  results  also  show  that  the  behavior  of  elastic  constants  with 
reinforcement  can  be  best  represented  by  the  calculations  of  the  upper  and  lower  bounds  of  Hashin 
et  al.  The  behavior  of  thermal  expansion,  however,  agrees  with  bounds  developed  by  Schapery. 
In  addition,  both  properties  are  found  to  be  related  through  a  model  linking  the  strain  to  the  elastic 
and  thermal  stresses  in  the  composite.  This  relationship  gives  promise  for  the  non-destructive 
characterization  of  the  composites  using  these  measurements. 
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The  Evaluation  of  Fatigue  Damage  in  Metal-Matrix  Composites 
Using  Ultrasonic  Measurements* 

J.  WahnschafFe,  E.  Schneider,  K.  Salama 
Department  of  Mechanical  Engineering,  University  of  Houston 
Houston,  Texas  77204-4792,  U.S.A. 

Discontinous  SiC-reinforced  aluminum  alloys  are  advanced  materials  for  applications  re¬ 
quiring  high  performance,  isotropic  mechanical  properties.  Although  most  of  the  composite 
properties  are  significantly  improved  by  reinforcement,  the  fatigue  performance  is  lowered. 
The  objective  of  this  research  is  to  determine  the  possibility  of  using  ultrasonic  measure¬ 
ments  in  evaluating  fatigue  damage  in  metal-matrix  composites.  Two  composites  of  6092 
aluminum  reinforced  with  17.5%  SiC  and  2080  aluminum  containing  15%  SiC  are  used  in 
this  study.  Fatigue  tests  in  tension-tension  are  performed  on  samples  of  these  composites, 
and  their  S-N  behavior  are  compared  to  those  of  the  monolithic  aluminum  alloys.  Also,  the 
absolute  as  well  as  the  stress  and  temperature  dependences  of  longitudinal  and  shear  ultra¬ 
sonic  velocities  are  measured  on  these  samples  after  different  levels  of  fatigue  damage.  The 
results  show  that  the  absolute  velocities  are  sensitive  to  fatigue  damage  and  give  promise  to 
using  ultrasonic  measurements  in  characterizing  fatigue  life  in  metal-matrix  composites. 

*  This  research  is  supported  by  the  Army  Research  Office  under  contract  No.  DAAL03- 
92-G-0039. 
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